Objective: Risk factor associations to mortality may change, in part due to removal of highrisk persons. We compared strengths of association and ability of risk factors to predict total mortality across short (<15 years), medium (15-29 years) and long (30-39 years) follow-up. Methods: Cardiovascular risk factors were measured in 1972-1973 in the Oslo Study among 14,846 men born in 1923-1932. Relationships of risk factors to mortality (to 2011) were analyzed using Cox regression models, and receiver operating characteristics (ROC) were estimated. Results: BMI was the only factor that increased strength of association with elapsed time (hazard ratio for ≥ 35 kg/m 2 vs. 22.5-24.9 kg/m 2 : 1.25 (95% CI 0.73-2.17), 1.51 (95% CI 1.06-2.16) and 3.73 (95% CI 2.33-5.98) for <15, 15-29 and 30-39 years, respectively). Other factors lost predictive ability with time. Cigarette smoking was the strongest predictor in all periods. Serum lipids and systolic blood pressure increased risk in most periods, and moderate physical activity was protective to 29 years, but these factors and BMI contributed minimally to ROC. Discussion: Risk factors differed in association strengths and ability to predict mortality over four decades. BMI strengthened its association with time, while cigarette smoking was strongest in all periods.
Introduction
The ability of cardiovascular risk factors to predict cardiovascular and total mortality has been well described. Studies have found that single measurements of blood pressure, cholesterol and other cardiorespiratory risk factors maintain their predictive ability after 3-4 decades [1] [2] [3] [4] [5] and demonstrate similar predictive ability across cultures [5] . Not surprisingly though, the predictive ability may change with elapsing time due to changes in risk factors and cohorts [6] [7] [8] [9] [10] [11] [12] [13] .
During the last decades major changes in risk factor distributions have taken place accompanied by substantial reductions in cardiovascular disease (CVD) mortality [14] . In Norway in 1972-1973 the prevalence of cigarette smoking in the adult male population was above 50%, but is nowadays about 20%. A massive reduction in cigarette smoking is by far the greatest achievement of public health. Furthermore, changes in lifestyle and risk factors appear to explain differences between countries and reflect country mortality trends [15, 16] . Statins and drugs for blood pressure have likely also contributed to prevention of CVD [14] . The epidemic of obesity has affected practically all subgroups of the population. In this environment, the question arises whether the major CVD risk factors have remained predictive of mortality over decades and whether their relative importance changes with time.
In 1972-1973, 124,846 men born in the years 1923-1932 who were free of CVD and diabetes were screened in the Oslo Study, one of the largest cohorts of CVD risk factors established in the 1970s. We showed previously that single measurements of total cholesterol, blood pressure, and cigarette smoking predicted coronary heart disease mortality after 33 years of follow-up [17] . In the current study we explored the short-, medium-and long-term relationships between CVD risk factors in this population and all-cause mortality during 39 years of follow-up. We aimed to understand whether association strengths and the predictive ability of each factor changed with increasing follow-up periods and compared the factors across time periods.
Material and Methods
The Oslo Study has been described earlier [18, 19] . Briefly, 25,915 men born in 1923-1932 were invited to a screening examination in 1972-1973. Of the total, 16,203 attended (63%). Men with a history of CVD, treated hypertension, or diabetes were excluded from analyses as well as men with missing values. This left 14,846 men included in the study. Information about date of death was provided by Statistics Norway up to December 31, 2011 using an 11-digit person number linkage covering the entire Norwegian population. Men who emigrated from Norway were treated as censored observations. This study was approved by the Regional Ethics Committee for scientific research in Norway, the Norwegian Data Inspectorate, and the Ministry of Health. The study complies with the Declaration of Helsinki.
CVD risk factors measured included non-fasting total cholesterol, triglycerides and glucose, systolic and diastolic blood pressure, and number of cigarettes smoked daily. Cholesterol concentration was analyzed using a version of the Lieberman-Burchard method, and triglyceride concentrations were measured with a fluorometric method. Both methods were automated with the Technicon AutoAnalyzer II. The 1972-1973 values were later transformed to modern enzymatic values.
Height and weight were measured and BMI calculated. Responses to the 'Gothenburg' instrument, a previously validated questionnaire regarding physical activity at leisure were elicited [20, 21] . Participants described the extent of movement and exertion in their spare time in an average week during the last year. Activity was categorized as sedentary (read, watch television or other sedentary activities); moderate (walk and cycle including commuting to work and Sunday walks for at least 4 h/week); intermediate (take part in physical exercise or sport, do heavy gardening work or such for at least 4 h/week); or high (exercise hard or take part in competitive sport several times a week).
A subset of the population attended a second screening of CVD risk factors in the year 2000. Of those invited, 37% (N = 6,016) attended and had a valid systolic blood pressure taken with mean of 2nd and 3rd measurements . We measured tracking of some risk factors over time in this subset as Spearman or Pearson correlation coefficients (r).
Statistical Methods
Follow-up after the screening examination from May 1, 1972 until December 31, 1973 ended on December 31, 2011 with 9,680 deaths recorded (65%). Cox regression models were used to estimate mortality hazard ratios of risk factors against reference levels. The risk factors evaluated were number of cigarettes smoked daily (reference, none), category of leisure-time physical activity (reference, sedentary), BMI divided into seven categories (reference, 22.5-24.9 kg/m 2 ), systolic blood pressure, total serum cholesterol and natural log of triglycerides (quintiles and per SD change). In addition age on January 1, 1972 was adjusted for. Non-fasting glucose was not included as multivariate analyses revealed no association with mortality. The proportional hazards assumption of the Cox model was investigated for each risk factor by adding a time × factor interaction term into a time-dependent Cox regression model, adjusting for the other factors. None of the risk factors showed substantial deviations from proportionality across time. Time of follow-up was partitioned into 3 parts, <15, 15-29, and 30+ years. Analyses were performed separately for each period and totally. Those alive at entry to each period were used as study population. The length of the last period was chosen to be shorter to boost statistical power in the two first periods.
The predictive value of risk factors to mortality was analyzed by receiver operating characteristics (ROC) statistics. For simplicity we used the prognostic index of the Cox regression model that is the product sum of the estimated regression coefficient and risk factor level across all factors per subject as test variable and death as state variable. This, however, does not take into account the varying prognostic ability across time, but rather represents a crude average for the whole follow-up period. Biases occurring will in all likelihood be small since the purpose of the ROC analyses was to compare ROC areas for different risk factor models, and not ROC levels at various times. This method may be somewhat insensitive when comparing the predictive value of added risk factors since it is based solely on ranks. However, it is much used; so we adopted this method also in our study. We calculated how much each risk factor added to the ROC area over and above the contribution from all the other risk factors. Thus, we first ran a Cox regression model with all factors except the one of interest and noted the ROC. Then we added the factor of interest and reran the model. The added ROC was calculated. As a rule of thumb an added area of 0.02 units is usually required to be of clinical value over and above the other factors.
Results
Distributions of deaths according to risk factors are given in table 1 . Risk factors were more favorable in survivors. Among non-survivors mean levels of systolic blood pressure and triglycerides were lower by increasing time since screening, whereas mean level of total cholesterol increased slightly. Mean level of BMI did not vary by period. Men with BMI between 22.5 and 24.9 kg/m 2 had the lowest proportion of deaths in all periods, with deaths increasing both at lower and higher BMI levels. For cigarette smoking there was a clear doseresponse relationship between proportion of deaths and amount smoked in all periods. Fewer deaths occurred for moderately or highly active men as compared to sedentary men, most markedly during the first 15 years.
In table 2 risks associated with BMI adjusted for the other risk factors are shown. During the first 15 years there was no excess mortality associated with increasing BMI while risk was doubled in the lowest BMI category. A gradual increase in relative risk for higher BMI levels with elapsing time was seen, and the association was strong in the last period. However, BMI had only a marginal impact on the ROC value; so, despite its strong association to mortality late in the follow-up period, its discrimination ability was poor over and above the other factors. Systolic blood pressure associated strongly to mortality during the early part of the period (adjusted for the other risk factors), but the mortality risk gradient declined in the later periods ( table 3 ) . When assessed according to discrimination ability, it followed cigarette smoking (see below). However, its contribution to ROC was less than 0.02, even in the first period.
Total serum cholesterol showed a somewhat stronger relationship to mortality as compared to (log) triglycerides in the first period (after adjustment for other risk factors), while the latter was somewhat stronger in the second period ( tables 4 and 5 ). None of the lipid factors added notable discrimination value to the other risk factors in any period. Table 6 shows relative risks according to cigarette smoking, adjusted for the other risk factors. In all periods the dose-response relationship was strong though it weakened with time, and flattened off at the higher consumption levels, especially in the last two periods. Excluding cigarette smoking from the full prognostic model had a substantial reduction effect on the discrimination ability of the risk factors with somewhat less ROC reduction in the last period.
For physical activity ( table 7 ) , a protective effect of moderate activity was seen up to 29 years. Physical activity at leisure did not improve discrimination ability when added to the other factors.
The correlation coefficients for risk factors that were tracked in the second screening were Spearman's r = 0.69 for BMI (which increased by 1.92 kg/m 2 ( SD = 2.38 ) ) between screenings, Spearman's r = 0.26 for physical activity, and Pearson's r = 0.34 for systolic blood pressure. Thus, tracking was much stronger for BMI than for the other factors, contributing to less within-person variability across time and hence greater predictive ability of BMI. 
Discussion
Our findings suggest that classical CVD risk factors predicted mortality but predictive ability weakened over nearly four decades, with the exception of BMI, which strengthened its association over time. Across factors, cigarette smoking showed the strongest association to mortality, followed by systolic blood pressure. BMI, lipids, and physical activity did not add predictive value over and above the other factors in any period. The main emphasis of the Oslo Study was to study CVD risk factors and prevention of cardiovascular risk. Thus, the factors studied here were selected on that basis. The strengths of the study include the large number of participants, long follow-up and subsequent large numbers of death.
Several CVD risk factor follow-up cohorts were established in the 1970s -the Oslo cohort is one of the largest but included only men unfortunately. The contemporary Renfrew and Paisley survey of residents aged 45-64 years found similar relative risks in women as men but lower absolute and attributable risks than in men [22] . The Multifactor Primary Prevention study from Gothenburg, Sweden, enrolled men aged 45-55 years in 1970 [11] . Conventional risk factors were associated with increased risk of coronary events for most of 28 years, with the exception of BMI and physical activity. In the British Regional Heart Study of 7,735 men aged 40-59 years established in the late 1970s, most major risk factors predicted coronary heart disease (CHD) events occurring in up to 15 years of follow-up, with some attenuation over time [8] . The Seven Countries Study which enrolled men in the late 1950s found generally monotonic associations of serum cholesterol with CHD [10] , persisting up to 30-35 years in some cohorts [9, 10] though a strong relation during the first 10-year period weakened in the remaining 25 years in the European cohorts [13] . Varying results in studies may reflect varying endpoints and other methodological differences, but generally our findings agree with previous ones in regard to conventional risk factors [9, 10, 11, 13] .
A natural selection of survivors will inevitably take place in such analyses, and the men most sensitive to high exposure levels of a risk factor will die first. A dilution of the associations is therefore expected when follow-up is as long as two decades or more after screening. Another source of dilution is the potential for progressively larger changes in risk factor levels to take place with longer follow-up, usually making associations weaker. In our study the exception was seen with BMI, as BMI increased its strength of association with mortality especially in the final period of 30-39 years (though remaining a much weaker predictor than smoking). Our findings agree with the Finnish study of 1,619 men which found that serum cholesterol and smoking predicted CHD death early and late during 30 years of follow-up, while BMI was only associated with CHD death after 20 years [7] . Likewise the Chicago Heart Association study that enrolled over 9,000 men (and over 7,000 women) found that in men (though not in women), the influence of BMI on cardiovascular death was strengthened with time [12] . We showed previously that BMI predicted fatal CHD 16-21 years after baseline in this same population, but not during the initial decade and a half of follow-up [23] . We now extend these observations to total mortality. While it has been argued that the association between obesity and disease may change over time, for example due to improved treatment of risk factors, consistent evidence for this notion has not been found [24] . In agreement, we rather found increasing effect of BMI with time.
BMI is a generalized type of risk factor marking a number of metabolic changes, leading not just to CVD and diabetes but also to cancer and renal failure among other major causes. Among conventional risk factors, BMI is the one that has increased markedly during the decades of the study, and tracking of BMI is rather strong (correlation for two measurements taken 28 years apart = 0.69). These observations suggest that those with high BMI at screening probably attained even higher levels during follow-up. In the 30-to 39-year follow-up period men whose baseline BMI was above 35 kg/m 2 experienced a substantial excess mortality (hazard ratio 3.7). It seems that middle aged men with extreme obesity may tolerate this for decades with no major excess mortality risk, but entering older age with this long lasting burden cumulated in excess mortality compared to their less heavy contemporaries. Clinically, this delay may provide an opportunity for a gradual rather than a rapid weight loss in order to reduce risk.
Almost all studies show a U-shaped relation between BMI and total mortality [25, 26] , with the exception of subgroups of very healthy men [27] . The U-shape has been explained in part by antecedent illness, and the first few years of follow-up are often excluded from analyses to remove this effect. However, 15 years or more of follow-up may be needed before the U-shape disappears [28] . In the current study, this U-shape was evident even after 30-39 years of follow-up with excess mortality in the two lowest BMI categories. Not all studies looking at divided periods of follow-up have found an effect of BMI on mortality with time; however, this may be due to differences in methodology, cohorts, and insufficient power, or other explanations. Recent analyses have shown that when disparate cohort mortality and age-related survey selection bias are accounted for in Cox survival models, the obesitymortality relationship grows stronger with age [29] .
In regard to the current findings, we do not know whether BMI per se changed or the predictive value of BMI at a given time point (baseline) changed. Probably both are involved in the observed gradients, but since BMI has increased in contrast to the other factors [23] , it seems more likely that the influence of increased BMI is the dominant component. Results from a separate analysis in those who attended the year 2000 screening and their 12-year follow-up showed a weaker relationship between the upper part of the BMI distribution and total mortality than the relationship found in the last period of this study. Whereas risk ratios were 1.53 (1.30-1.80) and 3.73 (2.33-5.98) in the two upper categories of BMI as compared to reference group ( table 2 ) , these were only 1.15 (0.99-1-33) and 1.26 (0.86-1.83) in the 12-year follow-up of the rescreened population. However, such a comparison is difficult to make since there was a marked selection of healthy men who participated in the second screening.
Smoking was the strongest and most consistent predictor of mortality. Our findings are in line with other studies showing smoking to be one of the strongest determinants of mortality among risk factors [4, [7] [8] [9] 16 ] , a result which was already published when we discussed 33-year follow-up of total mortality [30] . This was no surprise given the detrimental effects of cigarette smoking on CVD, cancer, diabetes, accidents, and other causes. Nearly one half of the men in this cohort reported smoking cigarettes at baseline. Smoking rates in Norway in general declined in the course of follow-up, but the decline was slow during the first 20 years and accelerated in the latter 20 years, explaining in part the flattening of risk and even risk reduction seen at high consumption levels in the last period.
The protective effect of moderate physical activity at leisure was present in up to three decades of follow-up, independent of other risk factors. Due to the small number of men in the high category of activity, precise estimates of effects in this group could not be made. Less dramatic changes in the Norwegian population levels of activity have been noted during these decades than those seen with smoking, though some polarization has occurred. Larger proportions of the population report moderate to very high and very low activity [31] . Tracking was relatively low with Spearman's correlation for measurements taken between the two screenings of 0.27, suggesting an explanation for a dilution effect on the predictive ability of physical activity in the long term. In comparison, cardiorespiratory fitness, not measured in the current study, has been associated with total mortality across three decades of follow-up in men, with some attenuation with time [32] .
Systolic blood pressure was strongly associated to mortality, but its strength tapered off with time. Tracking was relatively low (correlation = 0.35) which indicates large changes in systolic blood pressure. One main reason may be the change from no use of antihypertensive drugs at screening to one-third of attending men treated in the year 2000, along with other factors reducing the strengths of association between systolic blood pressure and mortality. On the other hand, the mean level of systolic blood pressure increased by 10 mm Hg during the 28 years for those who attended both screenings, leading to increased risk.
The two lipid factors total serum cholesterol and (non-fasting) triglycerides showed the strongest associations in the first period, with weak associations thereafter. Their risk gradients across quintiles were clearly weaker than for systolic blood pressure. A dilution effect on risk by use of cholesterol-lowering medications may also have influenced results, especially in the last period, since 20% of those who participated at the screening in year 2000 used such drugs versus none at baseline. Total serum cholesterol fell by 0.47 mmol/l between screenings in 1972-1973 and 2000, while non-fasting triglycerides were unchanged between screenings.
Study Limitations
Risk factors addressed in this study were limited by what was known in 1972-1973. Thus, lipid subfractions, markers of inflammation, waist circumference, and other measures were not available. Though the response rate was high, responders constituted most likely the healthiest part of the population and the exclusion of non-responders may bias estimates of risk factors in the population.
The availability of only a single measure of risk factors at baseline results in regression dilution bias, which means that associations between risk factors and mortality are likely to be underestimated [33] . We did not have carboxyhemoglobin measurements that may capture more of the risk associated with cigarette smoking than self-reported smoking alone [34] .
Conclusions
Cigarette smoking was the strongest risk factor for mortality in all periods of follow-up. BMI became progressively more important with time, unlike all other risk factors, that tended to lose association strength with time. Systolic blood pressure was the second strongest risk factor but lost its predictive ability with time. Total serum cholesterol was associated with mortality in all periods. While cholesterol was strongest in the first period, triglycerides as a predictor was strongest in the second period. Moderate physical activity was protective through the first two periods of follow-up. Only cigarette smoking contributed substantially to ROC.
